PREFACE

The scientific community is focusing on energy storage options due to the current
energy crisis and severe air pollution resulting from burning of conventional fossil fuels.
There is a significant demand for the research and development of innovative,
environmentally friendly energy systems and associated energy storage technologies.
Dielectric capacitors show promise as energy storage systems in various applications such
as transportation and portable electronic devices, thanks to their high-power density, long
lifespan, and extensive cyclic life. However, their energy density is comparatively low as
compared to conventional batteries, hindering efforts to further improve these storage
devices!. Despite this limitation, capacitors have a crucial role in energy storage

technologies due to their rapid charging and discharging capabilities, which batteries lack.

Dielectric capacitors typically consist of dielectric materials with excellent storage
properties. Ceramic dielectrics exhibit a high dielectric constant, low dielectric loss, and a
broader temperature operating range. However, due to the toxic nature of common lead
based dielectrics, their use is limited in research. BaTiOz-based electro-ceramics present a
potential alternative to lead-based dielectrics, offering breakdown strength of 145-450
kV/cm.2 Over the past few years, many other electro ceramics with comparable dielectric
strength and energy density have been developed. However, their lower dielectric

breakdown strength limits their application in power electronics.

On other hand, polymers are characterized by lower dielectric constants, high
energy storage density, and high dielectric breakdown strength. When compared to
dielectric ceramics, the dielectric constant of dielectric polymers is notably lower.
Noteworthy examples include Polyvinylidene fluoride (PVDF), Biaxially Oriented

Polypropylene (BOPP), and Poly(methyl methacrylate) (PMMA) with reported dielectric
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constant values of ~10, ~ 2, and 5 respectively?. To tailor these polymers for energy storage
applications, researchers often modify them by synthesizing nanocomposites, using the
polymer as a matrix. PVDF, in particular, has drawn significant attention due to its
exceptional dielectric properties, prompting extensive research to enhance these properties
further. Basically, PVDF based polymer nanocomposites have been synthesized using

conducting/semiconducting and nonconducting fillers.

Nanoparticles with semiconducting/conducting properties have been investigated
as nanofillers within the PVDF matrix to enhance its dielectric properties. PVDF based
composites with conducting/semiconducting filler can exhibit high dielectric permittivity
with proper proportion of filler loading. High dielectric permittivity can only be achieved
when the filler loading is very close to and less than the percolation threshold. Many
synthesized PVDF-based polymer nanocomposites have shown promising outcomes. Such
high permittivity values have been reported in various percolative polymer composites with
different conductive/semiconducting particles, including metal particles, carbon
nanofibers, CNTs, graphene, TiO, and ZnO**. Optimal energy density has been achieved
up to a specific vol% of such nanofillers, but excessive filler amounts can cause percolation
in nanocomposites, compromising their properties. The nanocomposites transition into
behaving partially conducting beyond the percolation threshold, creating numerous
conducting paths in composite films. Although polymer nanocomposite with conductive
filler have successfully achieved favourable dielectric permittivity and low percolation
threshold, they still face ongoing challenges including elevated dielectric loss, diminished
dielectric strength, and a limited processing window that significantly hinder their
applications in high energy storage application. The incorporation of conductive fillers
increases dielectric permittivity in nanocomposites because of Maxwell Wagner Sillars

(MWS) polarization or micro capacitor effect, yet it concurrently leads to high dielectric

XXViii



loss and leakage current via conductive particle network formed near critical percolation
threshold, which causes a drastic reduction in breakdown strength”®. One frequently cited
explanation for this phenomenon is that the development of micro capacitors results in an
unusually expansive local electric field within the pristine polymer region due to the close
proximity of adjacent nanoparticles. As the polymer layer between these neighboring
particles is excessively thin to withstand the escalating local electric field, it leads to a short

circuit, giving rise to a substantial leakage current’.

On the other hand, PVDF based nanocomposites using nonconducting/ceramic
filler have also been synthesized for energy storage applications. High dielectric constant
ceramics, such as BaTiOs, lead-based and SrTiOs, have been employed as fillers to
reinforce in the PVDF matrix®. The incorporation of these fillers has resulted in increased
dielectric constant and polarization, consequently boosting the energy storage density of
the polymer nanocomposites. There appears to be less limitation in the reinforcement of
dielectric ceramics in PVDF, with fillers reaching over 50 vol% to achieve the desired
energy density and dielectric properties in comparison to PVDF based nanocomposites
using conducting filler. For instance, reinforcing 60 vol% BaTiOs3 in the PVDF matrix
elevated the dielectric constant from ~9 to ~125, with surface modification of the filler
using Polyvinylpyrrolidone (PVP)?2. Recent research indicates that the energy density of
PVDF/BaTiOz nanocomposites is optimal at 3 vol% filler loading. Other surfactants like
H20>, ethylene diamine, -NH>, polydopamine (PDOPA) have been successfully used to
modify the surface of the nanofillers to get improved dielectric and energy storage

properties in various reported literature°.

In our current research, we have chosen PVDF as polymer for developing
nanocomposites with different nonconducting/ceramic BaTiO3 based ceramics for high-
energy storage applications. PVDF can exist in four crystalline phases namely o as a
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nonpolar phase, 3, y and d as polar phases. By employing suitable processing methods or
forming nanocomposites with appropriate ceramics and polymer, the nonpolar phase of
PVDF can be converted into electroactive polar phases. Ceramic fillers have been used to
enhance the dielectric and energy storage properties of the nanocomposites. Our
investigation into these nanocomposites has yielded several noteworthy findings, briefly

outlined below.

1. Energy storage properties of cold sintered Bao7SrosTiOs/PVDF Polymer
Ceramic Nanocomposites

Bao.7Sro3TiO3z/PVDF (Polyvinylidene fluoride) ceramic-polymer composites have
been synthesized using a cold sintering process. Bao.7Sro.3TiOs (BST) nanoparticles are
synthesized using sol-gel combustion method. The BST nanoparticles are used for
synthesizing the Bao.7Sro3TiOz—PVDF composite with 80wt.% BST and 20 wt. % PVDF.
X-ray diffraction analysis confirmed pure phase formation of BST and revealed presence
of different phases of PVDF in certain conditions. XRD pattern confirms the formation of
pure perovskite phase of BST with cubic structure having Pm-3m space group. In case of
BST/PVDF composite, crystallization of B phase and in case of annealed BST/PVDF
composite, crystallization of y-phase dominates. Thermal stability and surface morphology
of the composite has been studied using thermo-gravimetric analysis and SEM
respectively. TGA/DSC analysis reveals that composite is stable for the application up to
300 °C. Dielectric and ferroelectric properties have been studied. Thermally stable
dielectric constant and dielectric loss is obtained from room temperature to 200 °C in case
of annealed BST/PVDF composites. Polarization-Electric field hysteresis loop analysis of
composite reveals that significantly higher dielectric breakdown strength (more than 400
kV/cm) have been achieved in comparison to pure ceramic which is the main criteria for a

potential material for energy storage purpose. Discharge efficiency of BST/PVDF annealed
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composite upto 95 % and high thermal stability up to 300 °C has been achieved in case of
BST/PVDF annealed composite which is big achievement for a ceramic matrix composite
with polymer filler.
. BaZrOs/Poly (Vinylidene difluoride) Ceramic Nanocomposite Films with Improved
Dielectric and Energy Storage Properties

BaZrOz (BZ)/PVDF (Polyvinylidene difluoride) Polymer nanocomposites have been
synthesized for energy storage applications using solution casting method. Barium
zirconate (BZ) has been synthesized using high energy ball mill method and BZ/PVDF
ceramic nanocomposites have been synthesized in thin film form using 90 wt. % PVDF
polymers as a matrix and 10 wt.% BZ as nanofillers. XRD analysis has been performed to
check successful synthesis of nanocomposites. We have synthesized pure PVDF film,
BZ/PVDF and hydroxylated (hy)-BZ/PVDF composite film and we have achieved value
of dielectric constant for the hy-BZ/PVDF composite film (e ~ 26) almost three times of
the value of dielectric constant for pure PVDF film. FTIR spectra of hy-BZ powder shows
the successful hydroxylation of BaZrOs filler. TGA curve shows that there is no weight
loss observed upto 450°C in case of composites. XPS and AFM analysis has also been
performed for above synthesized composites. Polarization has been also increased upto
almost double in case of hy-BZ/PVDF composite in comparison to pure PVDF film. We
have achieved energy storage density of 1.11 J/cm?® for hy-BZ/PVDF composite much
higher than the pure PVDF which is equal to 0.47 J/cm?. The dielectric breakdown strength
has also been analysed using Weibull analysis technique and obtained 1495 kV/cm in case

of hy-BZ/PVDF composites.
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3. BaZro4TiosOs/Poly (Vinylidene fluoride) Composite Films with Improved

Dielectric and Energy Storage Properties

We have synthesized BaZrosTiosOs (BZT) ceramic nanoparticles using nano mill
process and hydroxylated (hy)-BZT/PVDF composite film using solution casting method
with 10 wt. % of BZT nanoparticle as filler and 90 wt. % of PVDF polymer as a matrix.
XRD patterns of composites confirm the successful formation of composites. FTIR spectra
confirms the successful hydroxylation of BZT powder for better dispersion. Differential
scanning calorimetry analysis represents improved degree of crystallinity in case of
composites. AFM analysis has also been performed for synthesized composites. The
dominance of polar phase of PVDF in composites was observed due to interfacial
interaction among filler nanoparticles. The significantly enhanced dielectric permittivity
(er ~ 25.5) and ferroelectric properties have been obtained in case of hy-BZT/PVDF
composite film in comparison to pure PVDF film (&, - 8). The value of dielectric breakdown
strength for hy-BZT/PVDF composite has been calculated using Weibull analysis and
found to be 1754 kV/cm. We have calculated energy storage density using Weibull analysis
for hy-BZT/PVDF composite and was found to be 0.41 J/cm? at electric field of 790 kV/cm.
The above synthesized composites may be a suitable replacement with improved dielectric

properties for energy storage applications.
The thesis is organized into six chapters.

Chapter-1: This chapter describes basic introduction about energy storage materials. The
basic concepts related to dielectric materials, energy storage in various dielectric materials,
energy density and dielectric breakdown strength have been discussed in detail. The brief
review of the reported literature on polymer based composite materials using
conducting/semiconducting and nonconducting filler for energy storage applications has
been discussed. Objective of the present thesis work is discussed in the last of the chapter.
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Chapter-11: This chapter describes different synthesis methods for ceramic and PVDF
based polymer ceramic nanocomposite materials. Cold sintering process and solution
casting method for PVDF based polymer ceramic composites have been described in detail.
The use of different materials and chemicals has also been discussed. The various
characterization techniques used in the study of various synthesized composites have also

been discussed in this chapter.

Chapter-111: This chapter involves synthesis of PVDF polymer-based nanocomposites
using BST ceramic as a matrix and PVDF polymer as a filler with the help of cold sintering
technique. Experimental results obtained from synthesized samples have been discussed
using various characterization techniques. The dielectric properties, energy storage
properties and dielectric breakdown strength have been discussed in detail. Experimental
results obtained in this chapter has been published in the Journal of Materials Science:

Materials in Electronics 34 (2023) 1939.

Chapter-1V: In this chapter, we have described synthesis of hy-BaZrOs/PVDF
nanocomposite films with the help of solution casting process using 90 wt. % PVDF
polymer as a matrix and 10 wt.% BZ as nanofiller. We have achieved higher dielectric
constant for the hy-BZ/PVDF composite film (er ~ 26) almost three times in comparison to
pure PVDF film and energy storage density 1.11 J/cm?® for hy-BZ/PVDF composite much
higher than the pure PVDF which is equal to 0.47 J/cm3. The dielectric breakdown strength
has also been analysed using Weibull analysis technique and found to be 1495 kV/cm in

case of hy-BZ/PVDF composites.

Chapter-V: Synthesis of PVDF based nanocomposites with reinforced BZT as a filler has
been performed and energy storage properties have been studied. Significant improvement

in the value of dielectric constant has been obtained in case of hy-BZT/PVDF
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nanocomposites in comparison to pure PVDF film. The value of dielectric breakdown
strength for hy-BZT/PVDF composite has been calculated using Weibull analysis and

found to be 1754 kV/cm.

Chapter-VI: This chapter summarizes the outcome of present thesis work and future scope

in this area.
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